It is presently unknown whether oxidative stress increases in disused skeletal muscle in humans. Markers of oxidative stress were investigated in biopsies from the vastus lateralis muscle, collected from healthy subjects before [time 0 (T0)], after 1 wk (T8), and after 5 wk (T35) of bed rest. An 18% decrease in fiber cross-sectional area was detected in T35 biopsies (P Ͻ 0.05). Carbonylation of muscle proteins significantly increased about twofold at T35 (P Ͻ 0.02) and correlated positively with the decrease in fiber cross-sectional area (P ϭ 0.04). Conversely, T8 biopsies showed a significant increase in protein levels of heme oxygenase-1 and glucose-regulated protein-75 (Grp75)/mitochondrial heat shock protein-70, two stress proteins involved in the antioxidant defense (P Ͻ 0.05). Heme oxygenase-1 increase, which involved a larger proportion of slow fibers compared with T0, appeared blunted in T35 biopsies. Grp75 protein level increased threefold in T8 biopsies and localized especially in slow fibers (P Ͻ 0.025), to decrease significantly in T35 biopsies (P Ͻ 0.05). Percent change in Grp75 levels positively correlated with fiber cross-sectional area (P ϭ 0.01). Parallel investigations on rat soleus muscles, performed after 1-15 days of hindlimb suspension, showed that Grp75 protein levels significantly increased after 24 h of unloading (P ϭ 0.02), i.e., before statistically significant evidence of muscle atrophy, to decrease thereafter in relation to the degree of muscle atrophy (P ϭ 0.03). Therefore, in humans as in rodents, disuse muscle atrophy is characterized by increased protein carbonylation and by the blunting of the antioxidant stress response evoked by disuse. bed rest; protein carbonylation; heme oxygenase-1; glucose-related protein-75; hindlimb suspension BED-REST IMMOBILIZATION IS common in patients as an integral part either of diseases or of their treatment, and experimental bed rest represents a well-accepted analog of inactivity-induced body deconditioning (see Ref. 34, as an extensive review). Long-term bed rest induces several systemic alterations, among which are bone loss, muscle atrophy, and reduced muscle strength (7, 34) . In humans, the antigravity muscles of the lower and upper limbs (soleus, gastrocnemius, and vastus lateralis) are the most affected by exposure to real and simulated microgravity (1, 11, 34) . Changes in muscle size and strength of these muscles have been studied after bed rest of various durations (1, 34). After 5 wk of bed rest, gastrocnemius medialis and vastus lateralis muscles showed significant atrophy (1, 5, 11), and, parallel to the decline in myofibrillar protein content, single myofibers isolated from biopsies obtained from vastus lateralis muscle showed a 40% decrease in the development of specific tension [maximum force normalized to cross-sectional area (CSA)] (24).
medialis and vastus lateralis muscles showed significant atrophy (1, 5, 11) , and, parallel to the decline in myofibrillar protein content, single myofibers isolated from biopsies obtained from vastus lateralis muscle showed a 40% decrease in the development of specific tension [maximum force normalized to cross-sectional area (CSA)] (24) .
In addition to increased protein catabolism and reduced protein synthesis (38, 45) , impaired muscle force production accompanying skeletal muscle atrophy may also be the consequence of oxidative changes occurring at the level of myofibrillar proteins (9) . Extensive carbonylation of myosin heavy chains (MHC), actin, and tropomyosin, revealed by means of the Oxyblot assay, was observed in the presence of hindlimb muscle atrophy accompanying heart failure, both in the laboratory rat and in patients (9, 50) . The same myofibrillar proteins were also the targets of oxidative changes in respiratory muscles of patients affected with chronic obstructive pulmonary disease (29) and in postischemic-reperfused rat hearts (47) . In skeletal muscle atrophy of patients affected with heart failure, the extent of oxidation of skeletal myofibrillar proteins showed a negative correlation with exercise capacity, measured as oxygen consumption at maximum exercise (peak V O 2 ) (50) . Several studies in experimental animals indicated that oxidative injury occurred after disuse of locomotor skeletal muscles, through the demonstration of increased protein carbonylation (3, 21) or imbalance of the expression of antioxidant enzymes (23, 45; Refs. 4 and 36, as reviews). The source of reactive oxygen species (ROS) in the inactive muscle remains still undetermined (36) . Although several oxidant production pathways, such as xanthine oxidase, NADPH-oxidase, and mitochondria, might contribute to superoxide production in muscle fibers, a growing body of evidence showed that intracellular free iron increased in atrophied muscles (17, 22) , favored by dysregulation of iron homeostasis (17, 45) , and thus enhancing the production of hydroxyl radicals and metabolites of biooxidation. Subsequent effects on calcium homeostasis and on the production of nitric oxide by nitric oxide synthase might promote further the formation of reactive species and contribute to the functional depression of muscle contractility and force production, as suggested by the observed increase in S-nitrosylation of the calcium channel/ ryanodine receptor type 1 in human soleus muscle after 55 day of bed rest (39) . Alternatively, ROS increase might result from the decreased production of endogenous antioxidant defenses (8, 25, 44, 45) , due to the decrease in protein synthesis accompanying muscle atrophy (38, 45) .
Another, albeit indirect, proof that oxidative injury accompanied muscle disuse in the hindlimb-suspended rat was pro-vided by the finding of an antioxidant stress response, characterized by the expression of the inducible heme oxygenase-1 isoform (HO-1) (18), a small heat shock protein (Hsp), detectable at low levels in skeletal muscle (46) . HO-1 is highly induced by ROS and by heme, acts as a controller of the intracellular iron homeostasis, and exerts an antioxidant protection through the release of biliverdin and carbon monoxide (31, 37) .
Due to the lack of comparable evidence for human muscle (4), the present study was aimed to investigate whether disuse alone, or simulated microgravity, was accompanied by the occurrence of oxidative stress and/or changes in the expression of proteins involved in the antioxidant defense. To this purpose, the bed-rest protocol provides a meaningful opportunity to define some of the events that might favor either the initiation or the progression of muscle atrophy in humans.
This investigation was conducted within a 5-wk bed-rest study, during which three sequential muscle biopsies were obtained from the same healthy subject. Such an approach allowed us to monitor the development of muscle atrophy and to evaluate the presence and the degree of protein oxidation and antioxidant stress response.
Therefore, muscle biopsies obtained from human vastus lateralis were analyzed to monitor changes in fiber CSA, protein carbonylation, and expression of HO-1. We also investigated changes in protein levels of the Hsp glucose-regulated protein-75 (Grp75), i.e., the mitochondrial Hsp70 isoform (20) , which is upregulated by oxidative stress like HO-1 (30) and, in addition to several other functions (i.e., mitochondrial import, antigen processing, control of cell proliferation and differentiation), exerts antioxidant cytoprotection (20) , insofar as its overexpression in PC12 cells significantly reduced ROS accumulation due to glucose deprivation (27) . Because the presence of disuse-induced changes in muscle Grp75 expression was never addressed in experimental animal models, we extended our investigation to soleus muscles of hindlimb-suspended rats.
MATERIALS AND METHODS
Human biopsies. The bed-rest campaign was organized in July 2007, at the Orthopaedic Hospital of Valdoltra (Koper, Slovenia), by the working group on Osteoporosis and Muscle Atrophy of the Italian Space Agency, and the University of Primorska, Science and Research Center of Koper (Slovenia). The protocol was in accordance with the principles of the Helsinki Declaration, the Oviedo Convention on Human Rights and Biomedicine, and the Slovene Code of Medical Deontology and was approved by the ethical committee of the University of Primorska. Written, informed consent was obtained from all of the participants before the beginning of the study. Ten healthy, male subjects (mean Ϯ SE age: 24 Ϯ 1 yr; body weight: 78 Ϯ 3 kg) participated in the study. All volunteers were untrained before admission, and the presence of chronic or acute diseases was excluded. All subjects received identical nutrition calculated on the basis of prestudy body weights, in accordance with Refs. 6 and 28. The day before the start of bed rest, participants underwent a biopsy from the vastus lateralis muscle [time 0 (T0)]. Subsequent biopsies were obtained from the contralateral muscle after 7 days [time 8 days (T8)] and 5 wk [time 35 days (T35)] of bed rest, performed without head-down tilt. After local anesthesia, the muscle biopsy was taken in sterile conditions, according to standard techniques; muscle fibers were immediately cleaned from visible fat or connective tissue and gently dried to remove visible blood. From each biopsy, a sample of ϳ20 mg was removed, frozen in liquid nitrogen, and stored at Ϫ80°C for this study. T35 muscle biopsy of subject 2 (S2) failed for technical reasons, and T8 sample of S1 corresponded to a blood clot devoid of muscle fibers.
Morphometric and immunohistochemical analyses. Serial consecutive 12-m cryosections were prepared from frozen muscle biopsies and assayed for hematoxylin-eosin and indirect peroxidase immunohistochemistry, following previously described protocols (46, 49) . Fiber CSA was calculated with a computerized interactive method (Scion Image, NIH, Bethesda, MD) and expressed in micrometers squared by evaluating at least 100 transversely cut fibers. Fiber typing was achieved by means of indirect immunoperoxidase staining. Sections were incubated overnight at 4°C with the following mouse monoclonal anti-MHC antibodies, raised as described in Ref. 40 : BA-D5, which reacts with ␤-MHC isoform and recognizes type 1 fibers (15-16); BF-13, which stains all type 2 fibers (43); BF-35, which, in humans, reacts with both ␤-and 2A-MHC isoforms and recognizes type 1 and 2A fibers (42) (43) , and, therefore, allows the identification of unreactive fibers as fast 2X fibers, i.e., the "old" histochemical type 2B ones. After adequate rinses with PBS, sections were incubated with appropriate dilutions of goat anti-mouse immunoglobulins, conjugated with peroxidase (sc-2055; Santa Cruz Biotech, Heidelberg, Germany) and then revealed with diaminobenzidine. Sections stained for fiber typing were also used for CSA measurements. For stress protein immunolocalization, cryosections from the biopsies of a same subject were collected on a single slide and labeled An average of 100 fibers was evaluated for each biopsy. Two subjects [subjects 1 and 2 (S1 and S2)] lacked one biopsy for technical reasons, as described in MATERIAL AND METHODS, and two biopsies from S6 could not be evaluated because of the absence of transversally cut fibers (see Supplemental Table 1 ). *Significant difference (P Ͻ 0.05; within-subjects ANOVA). B: histograms show means and SE of fiber CSA detected for each fiber-type population in T0 and T35 biopsies from subjects S1, S7, S8, and S10 (average no. of fibers examined for each biopsy ϭ 150). *Significant difference vs. the corresponding T0 value (P Յ 0.05, paired Student's t-test).
using indirect peroxidase staining with either anti-Grp75 mouse monoclonal antibody diluted 1:400 (SPS-825; Stressgen, Victoria, BC) or with a 1:20 dilution of anti-HO-1 goat polyclonal antibody (sc-1797; Santa Cruz Biotechnology) (46) . Positive and negative fibers were determined by visual inspection on micrographs taken using the same light intensity and exposure time. Evaluation of the presence or the absence of fiber staining was performed independently by two investigators.
Oxyblot procedure and Western blot analysis. The presence of protein carbonyl groups was assessed using the Oxyblot protein oxidation detection kit (Millipore, Vimodrone, Italy), according to the manufacturer's protocol. About 20 cryosections (12 m) were solubilized, as previously described (9), and 6 g of protein were used for derivatization with 2,4-dinitrophenylhydrazine and processed for Western blot analysis (50) . The degree of protein carbonylation was determined after normalization with the amount of loaded proteins, evaluated by densitometry of the Ponceau red staining. Whenever possible, two different homogenate preparations from each biopsy were assayed for Oxyblot analysis, and mean values of normalized protein carbonylation were used for statistical analysis.
Western blot analysis was performed using chemiluminescence detection, as previously described (9, 46) , using the following mouse monoclonal antibodies as primary antibodies: anti-generic MHC, BF-46 (9); anti-␣-sarcomeric actin, 5C5 (Sigma, Milano, Italy); antitropomyosin, CH1 (Sigma); anti-Grp75 (SPS-825, Stressgen); and anti-HO-1 antibody (OSA-110; Stressgen). After extensive rinses with Tris-buffered saline-Tween, filters were incubated with appropriate dilution of anti-mouse immunoglobulins conjugated with peroxidase (sc-2005; Santa Cruz Biotechnology) 1:4000 in blocking reagent (BR) 0.5% in Tris-buffered saline-Tween. Peroxidase activity was revealed using chemiluminescence (ECL, GE Healthcare, Little Chalfont, UK). Protein levels were quantified via measurement of optical density using the National Institutes of Health Image J analysis software and normalized to the densitometric value of the Ponceau red staining of the corresponding actin band (35) .
Experimental rat hindlimb suspension. Hindlimb muscles of 6-wkold Wistar rats were unloaded using the tail-suspension model (19) . The protocol was approved by the Animal Care Committees of the University of Padova and the Italian Ministry of Public Health. Each animal was weighed before and after the suspension period. At least four animals for each group were killed after 1, 4, 7, and 15 days of entry in the experimental protocol. A comparable number of ambulatory rats of the same age and weight were used for control. The day of death, rats were anesthetized and euthanized, and soleus muscles were excised, weighted, and frozen in liquid nitrogen.
Statistical analysis. All data were expressed as means Ϯ SE. Statistical analysis was performed utilizing one-way repeated-measures ANOVA (within-subject ANOVA), with time as repeated factor. Post hoc Bonferroni tests were performed to assess specific differences between times (T0, T8, T35). The paired Student's t-test was adopted when only T0 and T35 values were compared. Unpaired analysis (one-way ANOVA and post hoc t-test) was adopted for data concerning suspended rats. P value ϭ 0.05 was set as the limit for significance. Data were analyzed by simple linear regression, and a Pearson correlation coefficient (r) was calculated. Analyses were performed using statistical package SigmaStat version 2.0 (Jandel Europe).
RESULTS
Muscle atrophy and protein carbonylation. Whenever compatible with the orientation of muscle fibers in the biopsy, fiber CSA was used to evaluate the degree of atrophy (see Supplemental Table 1 , available with the online version of this article). No significant variation of the mean fiber CSA was observed in T8 biopsies, whereas mean fiber CSA value was reduced ϳ18% compared with T0 value after 5 wk of bed rest (Fig. 1A , P Ͻ 0.05, n ϭ 7, within-subjects ANOVA). However, when comparison were performed considering mean CSA values for each fiber population of T35 biopsies, only CSA of slow type 1 fibers and fast type 2X fibers showed a significant reduction, compared with T0 values (Fig. 1B, P (Table 1) .
Protein carbonylation analysis showed variable signal intensity of T8 samples ( Fig. 2 and Supplemental Table 1 ). Conversely, the level of protein carbonylation appeared more consistently increased at T35 (Fig. 2 and Supplemental Table  1 ). Staining of parallel gels with antibodies specific for myo- fibrillar proteins showed that MHC, actin, and tropomyosin corresponded in mobility to the most heavily carbonylated species (Fig. 2A) . Paired statistical analysis indicated that Oxyblot/red Ponceau levels were significantly and about twofold higher at T35, compared with T0 values (P Ͻ 0.02, n ϭ 8; within-subjects ANOVA) (Fig. 2B) . Figure 2C 
Changes in HO-1 protein level and cellular distribution. Western blot analyses performed on whole lysates from biopsies obtained at T0, T8, and T35 showed the presence of significant changes in the total content of HO-1 during bed rest ( Fig. 3 and Supplemental Table 1 ). Increased signals for HO-1 levels were consistently observed in T8 biopsies, compared with T0; conversely, signals displayed variable intensity in T35 biopsies (Fig. 3A) . Densitometric analysis and subsequent normalization to actin levels showed a significant twofold increase in relative HO-1 protein levels at T8, compared with T0 levels (P Ͻ 0.05; n ϭ 8; withinsubjects ANOVA), whereas no significant difference was observed compared with T35 levels (Fig. 3B and Supplemental Table 1 ). We then evaluated the distribution of HO-1 immunoreactivity among muscle fiber populations. As described for the rat (46), HO-1 immunoreactivity appeared weakly detectable in a number of type 1 and type 2A fibers of T0 biopsies (Fig. 4) . Labeling increased in intensity in T8 biopsies and involved Ͼ80% of muscle fibers of the type 1 population (average number of fibers considered for each biopsy of S3, S7, and S10 ϭ 250, Fig. 4, B and E) . The percentage of HO-1 immunoreactive fibers was still high in T35 biopsies, albeit lacking statistical significance (Fig. 4, C  and D) , possibly due to the higher sensitivity of the immunohistochemical approach, compared with Western blot analysis.
Changes in Grp75 protein levels and cellular distribution. Similar to what was described for HO-1, Western blot analyses showed increased signals for Grp75 in T8 biopsies, compared with T0, whereas they displayed signals with variable intensity in T35 ones (Fig. 5A) . Normalization with actin levels showed a significant threefold increase of Grp75 signals in T8 biopsies, compared with both T0 and T35 values (P Ͻ 0.05 using within-subjects ANOVA, n ϭ 8), whereas T35 values did not differ significantly from T0 ones (Fig. 5B and Supplemental Table 1 ). Figure 5C depicts the relation between Grp75 levels and fiber atrophy among individual biopsies. Mean fiber CSA, expressed as the percentage of T0 values, is maintained in the presence of the highest increases in Grp75 protein level, expressed as the percentage of T0 values, whereas it declines as Grp75 protein level returns to T0 value (regression equation: y ϭ 71.92ϩ0.09x, r 2 ϭ 0.40; 95% CI: 0.02 lower limit, 0.74 upper limit; P ϭ 0.01; outlayer value of S8 was excluded from this analysis).
At variance with HO-1, immunohistochemical analysis showed that, in T0 biopsies, Grp75 immunoreactivity was apparently absent from the large majority of muscle fibers (Fig. 6A) , and, when present (not shown), it was very weak and detected within a small number of type 1 and type 2A fibers (Fig. 6, D and E) . Intensity of Grp75 immunoreactivity increased in T8 biopsies and involved ϳ50% of muscle fibers (average number of fibers considered for each T8 biopsy of S3, S7, and S10 ϭ 250, P Ͻ 0.025, withinsubjects ANOVA; Fig. 6, B and D) . At T8, reactivity for Grp75 was largely distributed within type 1 fibers (P Ͻ 0.025, within-subjects ANOVA) and type 2A fiber population (P Ͻ 0.01, within-subjects ANOVA), whereas type 2X fibers appeared unlabeled (average number of fibers considered for each T8 biopsy of S3, S7, and S10 ϭ 250; Fig. 6 , B and E). The percentage of Grp75 positive fibers significantly declined in T35 biopsies (Fig. 6, C and D) , although staining remained detectable in a number of type 1 fibers Fig. 5 . Bed rest-induced changes in muscle glucose-regulated protein-75 (Grp75) protein levels. A: representative WB from biopsies obtained at T0, T8, or T35 of bed rest from different subjects labeled with antibodies for Grp75. Staining of actin is shown as a reference for sample loading. B: histograms show means and SE of the relative amount of Grp75 levels to actin levels from biopsies obtained at different times (n ϭ 8 subjects). *Significant difference vs. both T0 and T35 samples (P Ͻ 0.05, within-subjects ANOVA). C: regression analysis of the percent change of Grp75 protein level vs. that of fiber CSA, determined in T8 and T35 biopsies (r 2 ϭ 0.40; P ϭ 0.01; see RESULTS for equation details).
(average number of fibers considered for each T35 biopsy of S3, S7, and S10 ϭ 250; Fig. 6, C and E) .
Changes in Grp75 protein levels in soleus muscle of hindlimb-suspended rats. To confirm that disuse evoked the observed increase of Grp75 expression in human muscle, parallel analyses were performed on soleus muscles of tail-suspended rats, a well-established experimental protocol of severe muscle disuse atrophy (19) . Soleus muscle atrophy was evaluated by comparison of the muscle weightto-body weight ratio (MW/BW) of unloaded and ambulatory rats, and values showed that, after 1 day of unloading, there was a nonsignificant 5% decrease (mean and SE of MW/BW of unloaded and ambulatory soleus, 0.39 Ϯ 0.011 ϫ 10
Ϫ3
and 0.41 Ϯ 0.007 ϫ 10 Ϫ3 , respectively, n ϭ 8, P ϭ 0.22, Student's t-test). Soleus MW/BW significantly decreased ϳ14% after 4 days of unloading (n ϭ 6; P ϭ 0.02), ϳ28% after 7-day unloading (n ϭ 12; P Ͻ 0.0001), and 40% after 15 days of unloading (n ϭ 6; P Ͻ 0.0001), compared with the respective group of ambulatory soleus muscles (Student's t-test). Analysis of fiber CSA was then performed on 1-day unloaded soleus muscles. Only fast fibers showed a significant decrease in CSA, compared with ambulatory muscles (means and SE of fiber CSA of unloaded and ambulatory muscles 1,191 Ϯ 45 and 1,323 Ϯ 36 m 2 , respectively, P ϭ 0.04, n ϭ 6, n of fast fibers evaluated for each muscle ϭ 100), whereas no significant difference was observed between CSA values of slow ones (mean and SE of fiber CSA of unloaded and ambulatory muscles, 1,623 Ϯ 23 and 1,786 Ϯ 95 m 2 , respectively, P ϭ 0.18, n ϭ 6, n of slow fibers evaluated for each muscle ϭ 100).
Western blot analysis showed increased Grp75 protein levels in 1-day unloaded soleus muscles, compared with protein levels detected in the soleus muscles of ambulatory rats and of 4-to 15-day suspended ones (Fig. 7, A and B ; n ϭ 4, P ϭ 0.02, ANOVA). Figure 7C depicts the relation between Grp75 protein levels and the degree of muscle atrophy. MW/BW value, expressed as the percentage of the mean value of the corresponding group of ambulatory rats, is maintained in the presence of higher Grp75 protein levels, whereas it declines as Grp75 protein levels decrease (regression equation: y ϭ 58.04 ϩ 21.63x, r 2 ϭ 0.22; 95% CI: 0.000005 lower limit, 0.5488 upper limit; P ϭ 0.03). , and T35 biopsies of S3, S7, and S10 (average no. of muscle fibers evaluated in representative fields for each biopsy ϭ 250). *Statistically significant difference (P Յ 0.05, within-subjects ANOVA) vs. T0. E: histogram illustrates the relative percentage of Grp75 ϩ fibers to the fiber number of each type population in T0, T8, and T35 biopsies of the same subjects analyzed in D. Values correspond to means and SE (average no. of muscle fibers evaluated for each biopsy ϭ 250). *Significant difference vs. T0 (P Ͻ 0.025); †significant difference vs. T0 and T35 (P Ͻ 0.01, within-subjects ANOVA).
DISCUSSION
This is the first study to show that skeletal muscle atrophy induced in humans by bed rest was accompanied by increased protein carbonylation, a marker of oxidative stress. In addition, muscle disuse during bed rest was characterized by an early, albeit transient, increase in the expression of two stress proteins involved in the antioxidant protection, such as HO-1 and Grp75. A transient increase in Grp75 expression was detected also in the soleus muscle of the tail-suspended rat, before statistically significant evidence of muscle atrophy.
Among the possible different factors that contribute to the development of muscle atrophy (i.e., decreased protein synthesis, increased protein degradation, increased myonuclear apoptosis; Refs. 2, 25, 38, 45), a promoting role has been proposed for oxidative stress (36) , based on the increasing body of evidence, collected from animal experimental models and concerning oxidant-induced posttranslational and transcriptional changes on muscle proteins and genes (3, 17, (21) (22) (23) . Although the source of ROS in inactive muscle fibers remains still undetermined, the reduced activity or the imbalance of the level of antioxidant enzymes, such as catalase vs. superoxide dismutase (23, 44, 45) , might determine the increase in oxidative stress observed in the disused muscle. In humans, increased levels of oxidative stress markers, such as total glutathione (8) and protein carbonylation (50) , were detected in atrophic muscles of patients affected with different pathological conditions. However, these observations were limited by the chance that disease-specific mechanisms contributed to the generation of oxidative stress (8, 50) . Data obtained from this investigation exclude the contribution of disease-related influences and show that oxidative stress, revealed by muscle protein carbonylation, is increased by disuse in humans, similarly to what occurs during muscle inactivity in experimental animal models (3, 21, 36) . The degree of muscle protein carbonylation significantly increased with the decrease of fiber CSA, although the low value of the r 2 , probably determined by the small number of the subjects studied, would rather indicate a trend toward a negative correlation. Nevertheless, our result is consistent with the finding of a negative correlation between muscle mass and oxidant production reported for murine soleus muscles made atrophic by hindlimb unloading (3).
Oxidative injury might affect both protein conformation, taking to the loss of the biological function (9) and the dismissal to the degradation pathway (36, 38) , and protein synthesis, through RNA oxidation, possibly mediated by increased non-heme iron (17) . Furthermore, ROS increase the transcription of translational inhibitors (45) and the activity of atrophy gene regulators, such as forkhead box 3a and NF-B (13, 26) . Therefore, oxidative stress appears to act upstream of the major mechanisms contributing to skeletal muscle atrophy, i.e., the increase in protein degradation and the changes in protein synthesis, which would result from the specific transcription of proatrophic genes (38) and the direct injury of ROS on RNAs (17) .
In addition, ROS can evoke an antioxidant stress response (18) . Although several investigations using experimental animal models of disuse atrophy showed a decrease in the expression of Hsp (32) (33) 45) , a different behavior was displayed by HO-1, a small Hsp detectable at low levels in skeletal muscle, which increased after muscle disuse due to hindlimb suspension or to mechanical ventilation (12, 18 ). The present study shows that muscle disuse, induced in vastus lateralis by 1 wk of bed rest, is characterized by the significant and transient increase of both HO-1 and Grp75 protein levels, two stress proteins that are upregulated by and able to counteract oxidative stress (10, 20, 37) . Differently from HO-1, the increase of Grp75 protein levels in disused muscle has never been reported Fig. 7 . Hindlimb suspension-induced changes in Grp75 protein levels of rat soleus muscles. A: representative WB of soleus muscles obtained from ambulatory rats (amb) and tail-suspended ones (unload) after 1 and 7 days of unloading and labeled with anti-Grp75 antibodies. Staining of serum albumin (SA) is shown as a reference for sample loading, instead of actin, whose amount might be decreased in the presence of severe atrophy. B: histograms show means and SE of normalized Grp75 levels to SA obtained from soleus muscles after different unloading times (n ϭ 4). *Significant difference vs. ambulatory soleus muscles (P ϭ 0.02, ANOVA). C: regression analysis of normalized Grp75 protein amount vs. muscle weight-to-body weight ratio (MW/BW) of unloaded soleus muscles, expressed as the percentage of amb values (r 2 ϭ 0.22; P ϭ 0.03; see RESULTS for equation details). F, 1-Day unloading; E, 4-day unloading; , 7-day unloading; ƒ, 15-day unloading.
before. Grp75, known either as mitochondrial Hsp70, mortalin, or peptide-binding protein 74, is an Hsp70 analog prevalently localized within mitochondria and endoplasmic reticulum (20) . Grp75 protein levels increased in mitochondria after exposure of endothelial cells to hydrogen peroxide (30) , and in human muscle after training of both high and low intensity (14, 48) , being, at the same time, upregulated by and protective against oxidative stress (20, 27, 48) . A positive correlation was reported between Grp75 muscle levels and aerobic exercise capacity in trained subjects with impaired glucose tolerance (48) . Here we showed that, during bed rest, the extent of upregulation of this protein depicted a significant linear correlation with the percent change in fiber CSA, in that increased Grp75 expression was observed in the presence of maintenance of the fiber CSA, whereas the lack of increase or the reduction of Grp75 protein amount to prebed rest levels was detected in the presence of muscle atrophy. In fact, muscle Grp75 levels increased significantly at T8, to decrease at T35, when they returned to prebed rest levels. Comparable results on transient Grp75 upregulation were also observed in an experimental animal model of muscle disuse. Hindlimb suspension in the rat induced quickly a severe atrophy of the anti-gravitational muscles, due to the higher protein turnover of this species compared with humans (51). Consistently with the higher metabolic rate, the transient increase in Grp75 expression of the soleus muscle occurred already after 24 h of unloading and in the absence of a statistically significant reduction in MW/BW and in slow fiber CSA. In 1-day unloaded muscles, CSA decrease affected significantly only fast fibers, which represented a minor proportion of soleus muscle fibers (about 13% in 6-wk-old rats).
Also Grp75 levels detected in disused rat soleus muscle significantly correlated with the maintenance of soleus muscle mass, albeit the regression analysis showed a lower r 2 value than that one observed when correlating Grp75 protein levels and fiber CSA of the biopsies of bed-rest volunteers.
The increased expression of HO-1 and Grp75 in muscle appears to be circumscribed to the first week(s) of bed rest. It remains still obscure, the mechanism, through which muscle disuse blunts this stress response. Although there are examples that a stress response may be maintained for a long time (46) , it is soon switched off. Possible mechanisms are quenching of the stressing stimulus by the stress protein themselves and/or the upregulation of translational inhibitors, which was detectable already after 1 day of unloading in the soleus muscle of hindlimb-suspended rats (45) .
We wonder whether the cytoprotective properties of these two stress proteins contribute to the antioxidant defense of disused muscle fibers. Upregulation of other stress proteins, like Hsp70, induced either by heat stress or by genetic manipulation, was shown to prevent the development of muscle disuse atrophy in experimental animals (32, 41) by inhibiting the activity of forkhead box 3a and NF-B (41). Immunohistochemistry showed that, in humans, HO-1 expression localized within skeletal muscle fibers, as described for rat hindlimb muscles (46) , being detectable in the large majority of type 1 and 2A ones. Because during bed rest the proportion of HO-1 positive fibers did not change significantly, along with the increase in the corresponding protein level, nor the positive staining involved type 2X fibers, we hypothesize that the increase in HO-1 expression occurred within these two fiber populations. Interestingly, also Grp75 immunoreactivity localized within these same fiber populations, albeit transiently, in T8 biopsies. Such a distribution suggests that type 1 and 2A fibers of T8 biopsies experienced oxidative stress, possibly in relation to their high mitochondrial content. It is worth noting that training also induced a higher expression of Grp75 in muscles with slower MHC profile (48) .
Other effectors of the antioxidant defense may participate in delaying the progression of muscle atrophy, being recruited at subsequent times. Additional data of ours, obtained from the same volunteers participating in the bed-rest protocol, indicate that glutathione appeared to be enrolled later on, i.e., glutathione synthesis rate increased in T35 biopsies and negatively correlated with muscle atrophy levels (F. Agostini, L. Dalla Libera, J. Rittweger, S. Mazzucco, M. Jurdana, G. Guarnieri, I. B. Mekjavic, R. Pišot, L. Gorza , M. Narici and G. Biolo, unpublished observations). The finding that glutathione levels decreased in the presence of severe muscle fiber atrophy (ϳ55%), induced in the diaphragm by mechanical ventilation (25) , supports further the hypothesis that antioxidant defenses (stress proteins and antioxidants) may counteract the onset and the progression of muscle atrophy.
We conclude that, in humans, as shown for rodents, disuse muscle atrophy is characterized by the increase of muscle protein carbonylation and by the blunted expression of stress proteins involved in the antioxidant defense. Future investigations aimed to identify the mechanism(s) responsible for the switching off of this stress response would clarify whether its persistence would rescue disused muscle fibers against the increase in protein oxidation and the decrease in myofiber size.
